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The prospect of rendering objects invisible has intrigued researchers for 
centuries. Transformation optics based invisibility cloak design is now bringing 
this goal from science fictions to reality and has already been demonstrated 
experimentally in microwave and optical frequencies. However, the majority of 
the invisibility cloaks reported so far have a spatially varying refractive index 
which requires complicated design processes. Besides, the size of the hidden 
object is usually small relative to that of the cloak device. Here we report the 
experimental realization of a homogenous invisibility cloak with a uniform 
silicon grating structure. The design strategy eliminates the need for spatial 
variation of the material index, and in terms of size it allows for a very large 
obstacle/cloak ratio. A broadband invisibility behavior has been verified at 
near-infrared frequencies, opening up new oppotunities for using uniform 
layered medium to realize invisibility at any frequency ranges, where 
high-quality dielectrics are available. 
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Transformation optics has been proposed as a general technique to design complex 
electromagnetic media with exotic properties, opening up paths for effectively 
rerouting light around an object to be concealed 1-3. Experimental realization of a 
transformation-based invisibility cloak was first reported in microwave frequencies 
with metallic metamaterials 4. Since singular material properties require resonant 
metamaterials, such cloaks only work in a very narrow frequency range and inevitably 
suffer from a strong absorption. A number of approaches are proposed to mitigate the 
material parameter constraints5-16, among which the idea of carpet cloak5 wins most 
attentions. Instead of transforming the cloaked area to a point invisible to our eyes, a 
carpet cloak disguises the obstacle from light by making it appear like a flat ground 
plane. The material parameters are nonsingular and can in principle be realized 
without the need of resonant features. Subsequent experimental realizations of this 
carpet cloak have been carried out in microwave 6,7 and optical frequencies 8-11 in both 
2D 6, 8-10 and 3D 7, 11 scenarios.  
In those implementations of carpet cloaks, a quasi-conformal mapping technique 
is taken which neglects the anisotropy of parameters, and structures with spatially 
varying densities are used to achieve the inhomogeous isotropic parameter profiles. 
However, the spatially variant refractive index represents a complex design process 
resulting in long implementation cycles. In addition, theoretical work shows that the 
quasi-conformal mapping for eliminating the anisotropy will result in a lateral shift of 
the scattered wave, which is comparable to the height of the cloaked object, thereby 
making the object eventually detectable 17. Furthermore, the quasi-conformal mapping 
limits the ratio of the size of the object to that of the cloak, since a large ratio 
corresponds to large anisotropy of the material parameters, breaking the prerequisite 
of this approximation. Here, we implement a different type of carpet cloak at optical 
frequencies employing a nano-structured artificial anisotropic material. The 
parameters of the cloak are homogeneous and rigorously designed 18, thus not 
compromising the performance of the cloaking. Such a homogeneous cloak has 
recently been introduced in macroscopic scale based on a natural birefringent crystal 
and experimentally demonstrated at visible frequencies 19, 20. However, since the 
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anisotropy of a natural material is usually low and cannot be engineered as desired, 
the hidden object has to be relatively small compared with the cloak device. In others 
words, macroscopic objects can only be concealed at the cost of using considerably 
larger space (orders of magnitude larger than the object itself). This challenge 
becomes more critical for applications in electronics industry, for example, in 
microcircuits and microsystems, wherein hiding the defects on intricate stencils or 
masks requires delicate and tiny devices. Our work, which is implemented on a 
silicon-on-insulator (SOI) platform, introduces a flexible way to address this concern. 
The high-anisotropic material composing the cloak is obtained by patterning the top 
silicon layer of an SOI wafer with nano-gratings of appropriate filling factor, which 
leads to a cloaked area only a few times smaller than the cloak itself. By precisely 
restoring the path of the reflecting wave from the surface, the cloak creates an illusion 
of a flat plane for a triangular bump on the surface, hiding its presence over a range of 
optical frequencies (measured between 1480nm to 1580nm). 
    The cloak takes a triangular shape as shown in Fig. 1 a. In a background with a 
permittivity b , the permittivity tensor of a non-magnetic cloak ( 1  ) for 
transverse-magnetic (TM, magnetic field perpendicular to the cloak device) 
polarization can be expressed as 17: 
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where H1 and H2 represent the heights of the obstacle and the cloak, respectively, and 
D is half the bottom length of the cloak. The above problem can be diagonalized to 
0
0


   
  by rotating the optical axis by the angle . According to the effective 
medium theory, the anisotropic parameters can be realized with alternating layered 
materials21, under the condition that the period of the alternating layers is much 
smaller than the wavelength. Therefore, appropriately combining two dielectric layers 
 4
with permittivities 1  and 2  would yield the material with desired effective 
permittivity tensors:  1 21r r      and  1 22 11r r
       , where r denotes 
the filling factor of the constituent materials. The cloak parameters can be tailored by 
tuning the filling factor (r) and the orientation of the layers ().  As an example, Fig. 
1 b shows the effective anisotropy /   as a function of the filling factor r for 
alternating air/silicon layers at 1500  nm. At this frequency, the maximum 
anisotropy of 2.6 (corresponding to a birefringence 0.847e on n   ) cannot be 
supported by any known, naturally occurring birefringent crystals. Fig. 1 b shows 
H1/D and H1/H2 in terms of the filling factor r, indicating that the shape of the cloak 
can be designed according to the requirement by appropriately arranging the 
composing materials. Therefore, layered materials bypass the limitation of natural 
material at hand and give us extra freedom to design the devices as desired.  
  In our experimental implementations, the carpet cloak (Fig. 1a) is realized by 
uniform silicon gratings fabricated with the electron-beam lithography (EBL) and 
reactive ion etching processes on an SOI wafer (250nm crystalline Si layer on top of a 
3mm SiO2 over a bulk Si substrate). The reflecting surface (the etched side-walls of 
the yellow region in Fig. 2 a) is coated with gold. In the vertical direction, the light 
confinement is achieved with index guiding, and the effective index (2.95) of the 
guided fundamental mode in the top silicon layer is used as 1  in the 2D designs. Fig. 
2 b shows a scanning electron microscope image of the cloak device. The bottom 
width and the height of the cloak are 10mm and 8mm, respectively. The triangular 
concealed region where objects eventually can be hidden has a width of 10m and a 
height of 1.84m. A tapered input waveguide is used to guide the beam towards the 
cloak at a direction perpendicular to the lateral side of the cloak triangle. The end of 
the input waveguide has a width of the 6m and a distance of 5m from the cloak. 
The output beam is diffracted to the vertical direction by a photonic crystal grating 
coupler 22, and then eventually imaged by an infrared camera in order to observe its 
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pattern. The distance of the grating from the cloak is 24m. The insets show the 
oblique view of the carpet cloak (top) and the cloak/reflector interface (bottom). The 
period of the gratings composing the cloak is 140nm, and the filling factor r of Si is 
0.5. In the measurement, the light with TM polarization from a tunable laser (1480nm 
to 1580nm) is used to characterize the cloak. 
    To illustrate how electromagnetic waves interact with the structure, we use a 
commercial finite-element method package (COMSOL Multiphysics) to simulate the 
propagation profile of a Gaussian beam reflected from a flat plane, a cloaked 
protruded plane, and a bare protruded plane. Fig 3 shows the magnetic field 
distributions for these three cases. The beam is split into two largely separated beams 
after reaching the protrusion of the ground surface (Fig. 3b), whereas in presence of 
the cloak constructed with grating structures, the reflection profile closely resembles 
that reflected by a flat surface (Fig. 3a). 
The measurement of the cloak device is carried out for wavelengths ranging from 
1480nm to 1580nm (restricted by the bandwidth of the tunable laser source), and Fig. 
3 shows the result for 1500nm wavelength, at which the cloak is designed. The left 
panels show the images for the three configurations captured by the infrared camera, 
and the right panels show the corresponding intensity profiles at the output gratings. 
The profiles of the beam reflected by the flat mirror (Fig. 4a) and that reflected by the 
cloaked bump (Fig. 4b) are almost identical. In contrast, the reflection from an 
uncloaked bump (Fig. 4c) shows a lateral shift and a shape deformation. These 
experimental results serve as direct evidence that the cloak has effectively changed 
the path of the beam and given the observer an illusion of a flat surface. Consequently, 
any object hidden underneath the bump would be invisible for external observers. It 
should be noted that the cloak was designed for a background with a refractive index 
n=1.5 instead of silicon used in the experiment. Since we have deliberately relaxed 
impedance matching, reflection occurs at the interface between the cloak and the 
silicon background. However, since the direction of the incident beam is normal to the 
interface, the mismatch of impedance would not affect the direction of the input and 
output beams in the flat surface and cloak cases.  
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Experimental results for several other frequencies (1480nm, 1550nm, and 
1580nm) are displayed in Fig. 5. The microscopic images clearly demonstrate that the 
effectiveness of the cloak is unaffected by varying frequencies. Although the cloak 
was measured from 1480nm to 1580nm, it in principle operates in a broad band, since 
silicon shows very modest dispersion over a wide frequency range. On the other hand, 
the waveguide dispersion due to the vertical index guiding is dominant in the present 
implementation. Nevertheless, the overall dispersion is still much less than that of a 
resonance-based metamaterials (From 1400nm to 1800nm, the effective index of 
silicon varies from 2.81 to 2.99), and the waveguide dispersion can be reduced or 
engineered by changing the thickness of the top silicon layer or using some 
over-cladding layer. Since the cloak is made exclusively of dielectric materials which 
are highly transparent to infrared light, and does not rely on the resonance of the 
metamaterial, the cloak itself absorbs a negligible fraction of energy. The reduced 
transmission observed in the measurement is mainly caused by the reflection at the 
interface and partly resulted by the imperfection of the fabrication. Consequently, 
adding an index matching layer around the cloak and improving uniformity of the 
grating would help eliminate the reflection and scattering. 
 In our experiment, the ratio of the size (area) of the bump to that of the cloak 
device is 0.23. Compared with the previous carpet cloaks in infrared frequencies8-11, 
where the ratios are roughly smaller than 0.01, and the recently reported calcite cloaks 
by Birmingham19 and MIT groups20, which have ratios of 0.06 and 0.088, respectively, 
our cloak considerably economizes on the fabrication space. Moreover, in microwave 
frequencies where we have access to dielectric materials with very high permittivity, 
this ratio can be even more significantly increased. For instance, with a ferroelectric 
ceramic, Ba0:5Sr0:5TiO3, which has a relative dielectric constant of about 600, the 
effective anisotropy of the dielectric/air alternating layers ( /  ) can reach up to 
150, which corresponds to an object/cloak ratio of 0.9. 
    We have designed and experimentally realized a homogeneous invisibility cloak 
at optical frequencies. In contrast to the previous works, the proposed device shows 
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advantages of easier fabrication process and larger concealing area relative to the 
cloak device. Although this experiment is carried out in infrared frequencies, this 
design strategy is well applicable in other frequency ranges. Given proof of this 
concept, we would anticipate that with more precise fabrication our strategy should 
also yield a true invisibility carpet that works in the microwave and visible parts of 
the spectrum, and at a larger size, with the promise of a host of futuristic applications 
in industries and defence. 
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Fig. 1  
  
Fig. 1 (a) schematic of the proposed homogeneous cloak achieved with uniform 
layered medium. Here   and   represent the two principle permittivity 
components of the effective anisotropic media. (b) the material anisotropy /   
(top panel), the relative height of the obstacle 1 /H D  (middle panel), and the 
obstacle/cloak ratio in terms of the height 1 2/H H  (bottom panel) as functions of the 
filling factor of the grating r .
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Fig. 2 
 
Fig. 2 The fabricated carpet cloak. (a). Schematic diagram of a fabricated carpet cloak. 
Light is coupled to the cloak through the input waveguide and reflected at the gold 
mirror. The reflected beam is detected by the output grating. (b). Scanning electron 
microscopic image of a fabricated carpet cloak, The insets show the oblique view of 
the carpet cloak (top) and the cloak/reflector interface (bottom).  
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Fig. 3 
 
Fig. 3 Numerical simulations of the carpet cloak system at 1550nm. The refractive 
index of the background is 1.5. (a). A Gaussian beam is obliquely incident upon a 
reflecting surface. (b). A Gaussian beam is obliquely incident upon a reflecting 
surface with a cloaked triangular protrusion. The direction of the beam is 
perpendicular to a lateral surface of the cloak (c). A Gaussian beam is obliquely 
incident upon a reflecting surface with a triangular protrusion. 
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Fig. 4 
 
Fig. 4 The measured output image from the fabricated devices (left) and the plot of 
intensity along the output grating (right) at 1500nm.  The results for a Gaussian 
beam reflected from a flat surface(a), a protruded surface (b), and the same protruded 
surface with a cloak. 
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Fig. 5 
 
Fig. 5 The measured output image from a flat surface (left) and a cloaked protruded 
surface (right) at 1480nm (a), 1550nm (b), and 1580nm (c).  
 
